Aims. We present a survey of the ortho-H 2 D + (1 1,0 -1 1,1 ) line toward a sample of 10 starless cores and 6 protostellar cores, carried out at the Caltech Submillimeter Observatory. The high diagnostic power of this line is revealed for the study of the chemistry, and the evolutionary and dynamical status of low-mass dense cores.
Introduction
In the past decade, astrochemistry has become more and more crucial in understanding the structure and evolution of star forming regions. There are no doubts that stars like our Sun form in gas and dust condensations within molecular clouds and that the process of star formation can only be understood by means of detailed observations of the dust (good probe of the most abundant and elusive molecule, H 2 ) and molecular lines (unique tools to study kinematics and the chemical composition).
Millimeter and submillimeter continuum dust emission observations (see Ward-Thompson et al. 2007 , for a detailed review of this topic) have provided a very good probe of the density structure of dense cores, although uncertainties are still present regarding the dust opacity and temperature, both likely to change within centrally concentrated objects (but such variations have so far been hard to quantify observationally, see e.g. Bianchi et al. 2003; Pagani et al. 2003 Pagani et al. , 2004 . Stellar counts in the near-infrared provide an alternative way of measuring the dust (and H 2 ) column and cloud structure (Lada et al. 1994) , independent of any variation in dust properties, but they cannot probe regions with extinctions above about 40-50 mag (Alves et al. 1998) , i.e. the central zone of very dense cores, such as L 1544, where A V ≃ 100 mag within 11 ′′ (Ward- Thompson et al. 1999 ). It appears that many starless cores can be approximated as Bonnor-Ebert spheres (Ebert 1955; Bonnor 1956) , with values of the central densities ranging from about 10 5 cm −3 (as in the case of B 68; Alves et al. 2001 ) to 10 6 cm −3 (for e.g., L 1544, L 183, and L 694-2; Ward- Thompson et al. 1999 , Pagani et al. 2003 , Harvey et al. 2003 . At the lower end of the central density range, dense cores appear to be isothermal, with gas temperatures close to 10 K (Galli et al. 2002; Tafalla et al. 2004) , whereas higher density cores have clear evidences of temperature drops in the central few thousand AU, with dust temperatures approaching about 7 K (Evans et al. 2001; Pagani et al. 2003 Pagani et al. , 2004 Schnee & Goodman 2005; Pagani et al. 2007; Crapsi et al. 2007 , see also Bergin & Tafalla 2007 for a comprehensive review on starless cores) Keto & Field (2005) have proposed that the "shallower" cores (such as B 68) are in approximate equilibrium and will not evolve to form protostars, whereas the centrally concentrated ones van der , who studied the kinematic structure of L 1544 and found that it is consistent with contraction in the core nucleus (or central contraction).
To trace the gas properties, NH 3 and N 2 H + have been extensively used for several years (Benson & Myers 1989) and they seem to trace quite similar conditions, having comparable morphologies and line widths (Benson et al. 1998; Caselli et al. 2002c; Tafalla et al. 2002 Tafalla et al. , 2004 , despite of the (two orders of magnitude) difference in the critical densities of the most frequently observed transitions (NH 3 (1,1) and N 2 H + (1-0), see Pagani et al. 2007 ). This is quite lucky for astronomers considering that only relatively recently it has been realized that these two species are among the few that are left in the gas phase at volume densities above ∼10 5 cm −3 . In fact, CO, CS and, in general, all the carbon bearing species so far observed (with the exception of CN; Hily-Blant et al. 2008) are heavily affected by freeze-out in the central parts of dense starless cores (Kuiper et al. 1996; Willacy et al. 1998; Caselli et al. 1999; Bergin et al. 2001; Bacmann et al. 2002; Caselli et al. 2002b; Tafalla et al. 2002; Bacmann et al. 2003; Crapsi et al. 2004; Tafalla et al. 2004; Pagani et al. 2005; Crapsi et al. 2005; Tafalla et al. 2006; Pagani et al. 2007 ). The freeze-out of neutral species (in particular of CO, Dalgarno & Lepp 1984; Roberts & Millar 2000a,b) , boosts the deuterium fractionation in species such as N 2 H + , NH 3 , H 2 CO , and HCO + (see e.g. Butner et al. 1995; Tiné et al. 2000; Caselli et al. 2002b; Bacmann et al. 2003; Crapsi et al. 2005; Lis et al. 2006; Gerin et al. 2006) . Also in star forming cores, in particular in the direction of Class 0 sources, the first protostellar stage (e.g. André et al. 2000) , right after the pre-stellar phase, the deuterium fractionation is found to be very large (Ceccarelli et al. 1998; Loinard et al. 2002; Lis et al. 2002a,b; van der Tak et al. 2002; Parise et al. 2002; Vastel et al. 2003; Parise et al. 2004; Crapsi et al. 2004; Marcelino et al. 2005 ; Parise et al. 2006; Ceccarelli et al. 2007 ). This is thought to be the signature of a (recent) past in which the star forming cloud core experienced the low temperature and high density conditions typical of the most centrally concentrated starless cores, where some deuterated molecules (e.g. deuterated ammonia) are formed in the gas phase (and stored on dust surfaces) whereas others (such as deuterated methanol and formaldehyde) are likely formed onto dust surfaces and then released to the gas phase partially upon formation (Garrod et al. 2006 (Garrod et al. , 2007 as well as via the interaction with the newly born protostar, which can (i) heat dust grains, leading to mantle evaporation (as in Hot Cores and Corinos ; Turner 1990; Cazaux et al. 2003; Bottinelli et al. 2004a Bottinelli et al. ,b, 2007 , and/or (ii) "erode" dust mantles via sputtering in shocks produced by the associated energetic outflows (e.g. Lis et al. 2002a) .
Questions that are still open are: (1) are N 2 H + , NH 3 and their deuterated forms really tracing the inner portions of centrally concentrated cores on the verge of star formation? Although , Pagani et al. (2005 Pagani et al. ( , 2007 found evidences of depletion in the center of B 68 and L 183, respectively, there are no signs of freeze-out for NH 3 in L 1544 (Crapsi et al. 2007 ) and for both nitrogen bearing species in L 1517B and L 1498 (Tafalla et al. 2004 ). At densities above ∼10 6 cm −3 , the freeze-out time scale is quite short (∼1,000 yr) and all heavy species are expected to condense onto grain mantles. Moreover, recent laboratory measurements clearly show that N 2 , the parent species of both NH 3 and N 2 H + , should freeze-out at the same rate as CO (having similar binding energies and sticking probabilities; Öberg et al. 2005; Bisschop et al. 2006) . (2) For how long the high degree of deuterium fractionation observed in starless cores is maintained after the formation of a protostellar object?
The detection of strong ortho-H 2 D + (1 1,0 − 1 1,1 ) emission in the direction of L 1544 (Caselli et al. 2003) , and the conclusion that H + 3 , with its deuterated counterparts, is one of the most abundant molecular ions in core centers, have opened a new way to study the chemical evolution (Roberts et al. 2003 (Roberts et al. , 2004 Walmsley et al. 2004; Flower et al. 2004 Flower et al. , 2005 Flower et al. , 2006a Aikawa et al. 2005) In the gas phase at temperatures below ∼20 K, the deuterium fractionation is mostly regulated by the proton-deuteron exchange reaction:
where ∆E (= 230 K, Millar et al. 1989 ) prevents the reverse reaction to be fast in cold regions, unless a significant fraction of H 2 is in ortho form (Gerlich et al. 2002; Walmsley et al. 2004 ). Flower et al. (2006a) showed that values of the ortho-to-para (o/p) H 2 ratio much higher than 0.03 are inconsistent with the observed high levels of deuteration of the gas (see their Fig. 6 Caselli et al. (2002a) .
In this paper we present new ortho-H 2 D + (1 1,0 − 1 1,1 ) observations, carried out at the Caltech Submillimeter Observatory (CSO) antenna, in the direction of 10 starless cores and 6 cores associated with very young protostellar objects. As it will be shown, the line has been detected in 7 of the 10 starless cores and in 4 out of 6 star forming cores. In Sect. consider a factor of 1.5 uncertainty in the column density upper limit value due to the unknown source size. Pointing was monitored every 1.5 hours and found to be better than 3
′′
. At 692 GHz, the CSO 10.4-m antenna has a half power beamwidth of about 11 ′′ .
Source Selection
The source list is in Tab. 1, which reports the coordinates, the Local Standard of Rest velocity (V LSR ) at which we centered our spectra, and the distance to the source.
The selection criteria for starless cores is similar to that described in Crapsi et al. (2005) , where sources with bright continuum and N 2 H + emission have been selected to include chemically evolved cores, where CO is significantly frozen onto dust grains and where H 2 D + is thus expected to be more abundant. The sample consists of "shallow" cores, with central densities of Roueff et al. 2005) .
(2) B 1 is one of the highest column density cores in the Perseus Complex, with active lowmass star formation going on (e.g. Hirano et al. 1999) and with large deuterium fractionations, as shown by the detection of triply deuterated ammonia (ND 3 , Lis et al. 2002b Lis et al. , 2006 (3) IRAM 04191, a very low luminosity Class 0 source in Taurus, driving a powerful outflow, but embedded in a dense core which appears to maintain many of the starless core characteristics (Belloche & André 2004 ).
(4) L 1521F, initially selected as a starless core with chemical and physical structure similar to L 1544 (but different kinematics; Crapsi et al. 2004) , and recently found associated with a L < 0.07 L ⊙ protostellar object thanks to the high sensitivity of the Spitzer Space Telescope (Bourke et al. 2006 ).
(5) Ori B9, a massive dense core in Orion B, with peculiarly narrow molecular line widths and low gas temperature (Lada et al. 1991; Harju et al. 1993; Caselli & Myers 1995) , thus an ideal target (among massive cores) to detect deuterated species.
(6) NGC2264-VLA2, studied by, e.g., Ward-Thompson et al. (1995) , who found the Class 0 driving source of the bipolar outflows, Girart et al. (2000) , who determined the gas temperature and volume density of the surrounding core, and by Loinard et al. (2002) 
Results

ortho-H
The ortho-H 2 D + (1 1,0 − 1 1,1 ) spectra are shown in Fig. 1 , whereas the results of Gaussian fits to the lines are listed in Tab. 2. One striking thing which stands out from the figure and the table is the large variation in intensity (factor of 5) and linewidths (factor of 4), and not just between starless cores and protostellar cores. In column 5 of Tab. 2 we also report the non-thermal line width, defined as (see Myers et al. 1991) :
where ∆v obs (≡ ∆v in Tab the emission of these two lines has the same morphology and extension (Vastel et al. 2006a ).
In the category of "shallow" cores, we have 3 non detections among 4 objects. The only shallow core detected in our survey is L 1517B, which is in fact the most compact and centrally concen- a When more than one reference is listed, the first number refers to the source paper for the volume density and the second number refers to the source paper for the kinetic temperature. In the case of L 183, both parameters can be found in the two listed papers. b Values of N(H 2 ) have been estimated assuming a constant gas temperature of 10 K along the line of sight, except for those objects with central temperatures of 7 K (see item "i" below).
c The first value is calculated assuming a critical density n cr =10 5 cm −3 , whereas the second value is for n cr = 10 6 cm −3 .
d Assumed value. (2006), but using the method described in the text.
h Data from Stark et al. (1999) , but method described in the text.
i The value of N(H 2 ) given by Crapsi et al. (2005) has been modified to take into account the temperature gradient (see Sect. 4.1 for details).
References: (1) Hatchell (2003); (2) 
d Data from Vastel et al. (2004) . The column density has been estimated using the method described in the text.
e Data from Vastel et al. (2006a) . The column density has been estimated using the method described in the text, with the parameters listed in Tab. 3.
Analysis
Derivation of the average ortho-H 2 D + column densities
In this section we estimate the average ortho-H 2 D + column density in each source, assuming that the line is emitted in homogeneous spheres at the density and temperature respectively quoted in the literature and reported in Tab. 3. Values of the H 2 column densities are also reported in Tab. 3, column 5, and they are used to determine the fractional abundance of ortho-H 2 D + (see Sect. 4.3).
The N(H 2 ) values for L 1544, L 429 and L 694-2 have been determined by Crapsi et al. (2005) assuming constant temperature. However, a temperature gradient has been measured toward L 1544 (Crapsi et al. 2007 ) and assumed (because of the similar physical structure) in L 429 and L 694-2, so that N(H 2 ) needs to be modified. As found by Pagani et al. (2004) and Stamatellos et al. (2007) , the temperature drop in L 183 and Oph D implies an increase in N(H 2 ) by a factor of about (1) can quickly proceed and that dust mantles can be either evap-+ (1 1,0 -1 1,1 ) in dense cloud cores orated or sputtered back into the gas phase, with the consequence of increasing the CO abundance and thus the destruction rate of H 2 D + .
To estimate the average ortho-H 2 D + column density, we evaluate the excitation temperature T ex and the line optical depth τ simultaneously, by solving iteratively the following equations (valid for
Eq. (3) is the definition of T ex corrected for the line opacity: in practice, the critical density is reduced by the probability that the emitted photon can indeed escape absorption. We adopted the photon escape probability β of Eq. 4, valid for an homogeneous sphere (Osterbrock 1989) . Finally the line optical depth τ is derived from the observation via equation (5). In the above equations, E ul is the energy of the transition (E ul /k B = 17.4 K, with k B the Boltzmann constant), n tot is the particle volume density (assumed to be 1.2×n(H 2 ), to account for He), T kin is the gas temperature, and J ν (T ex ) and J ν (T bg ) are the equivalent Rayleigh-Jeans excitation and background temperatures.
The ortho-H 2 D + column density is then derived from τ:
A key parameter is the critical density n cr of the transition. Recent and unpublished calculations by E.Hugo and S.Schlemmer (private communication) suggest a collisional coefficient with ortho and para H 2 of ∼ 10 −9 cm 3 s −1 at 10 K, with a very shallow dependence on the temperature. The implied critical density is ∼ 10 5 cm −3 , namely a factor of 10 lower than assumed in previous work (Black et al. 1990; van der Tak et al. 2005 clear that a factor of 10 variation in the collisional coefficient implies a change in the column density value of factors between 1.4 and 4.5, depending on the volume density and kinetic temperature. In the following analysis we use the column densities calculated with the 10 5 cm −3 critical density. be related to different evolutionary stages. We will further discuss these issues in Sect. 5.
Evaluation of the errors
The estimates of the ortho-H 2 D + column densities reported in Tab. 3 suffer from several sources of uncertainties. We already mentioned a basic source of uncertainty, that associated with the collisional coefficient of the transition. In addition to that, the densities and temperatures used to derive In summary, considering also the beam efficiency variation between 0.4 and 0.7 (Tab.2), the ortho-H 2 D + column densities reported in Tab. 3 are likely to be uncertain by about a factor of ≃2.
Correlations
We have looked for possible correlations between the column density or fractional abundance of ortho-H 2 D + and physical parameters such as the volume density, the H 2 column density, the kinetic temperature and the non-thermal line width. No significant correlations have been found, with the
which we find (see Fig. 2 ):
with a correlation coefficient of -0. Fig. 6 of Flower et al. 2004 ) and (ii) are all at distances > 300 pc (with the exception of 16293E, which, by the way, follows the trend). Thus, the H 2 D + emission may be affected by beam dilution (not considered in this study). However, as we will see in the next section, variations in the CO depletion factor, linked to the gas density and, in turn, to the gas and dust temperature (at least in starless cores, larger temperatures are typically associated with lower gas densities, lower CO depletion factors, and lower deuterium-fractionations),
can also (at least partially) produce the observed trend. In any case, a more detailed physical and chemical structure (such as that recently developed by Aikawa et al. 2008 ) is needed to investigate these points, although the lack of information on the extent and morphology of the H 2 D + emission prevents us from a more quantitative analysis of the correlations between the gas traced by H 2 D + and the physical properties of the selected cores.
In the following we will concentrate on molecular abundances and use both a simple chemical The line in the right panel is the least square fits to the x(ortho-H 2 D + ) vs. T kin data, the only significant correlation that has been found (see text).
Chemical Discussion
The chemistry of starless cores and their degree of deuteration has been investigated in de- these models it appears that there are several sources of uncertainty that can profoundly affect the chemistry: (i) surface chemistry (diffusion and reaction rates are still quite uncertain and highly dependent upon the poorly known surface of dust grains); (ii) freeze-out and desorption rates (binding energies may be changing throughout the core, due to changes in grain mantle composition, and nonthermal desorption processes are poorly known; see Garrod et al. 2006 Garrod et al. , 2007 ;
(iii) the dynamical evolution of dense cores is hard to constrain chemically, and different theoretical models of star formation predict significantly different time scales (e.g. Shu et al. 1987 and Hartmann et al. 2001) ; (iv) the cosmic-ray ionization rate ζ is not well constrained, and our ig- -0.5 0 Larsson et al. (1997) (1) At the low temperatures found in our starless and protostellar cores, this rate corresponds to the Langevin limit.
ited velocity resolution of ISO LWS is a severe limit on these results. In the following section, the effects of some of the above parameters on the deuterium fractionation will be presented for the simple case of a homogeneous cloud. In Sec. 5.2, a more detailed physical structure and a slightly more comprehensive chemical model will be considered to make an attempt on constraining some of the unknown parameters.
Simple Theory: what affects deuterium fractionation
Ignoring for the moment the density and temperature structure of molecular cloud cores and any gas-dust interaction, which will be considered in Sect. 5.2, we show here simple relations between the H 2 D + /H + 3 abundance ratio and parameters such as the gas kinetic temperature, the grain size distribution, the CO depletion factor and the cosmic-ray ionization rate. We use a simple chemical network which includes all the multiply deuterated forms of H + 3 , formed following the reaction scheme listed in Tab. 5 and destroyed by CO, electrons (dissociative recombination) and negatively charged dust grains (recombination). The adopted rate coefficients are the same as in Tab. 1 of Ceccarelli & Dominik (2005) , with the exception of the reaction of H + 3 (and deuterated isotopologues) with CO, and the reaction of H + 3 and electrons, for which we used the values listed in the latest release of the UMIST database (RATE06) available at http://www.udfa.net/. We note that the rate coefficient of the H + 3 + CO reaction in the UMIST database is temperature-independent, as expected for ion-molecule reactions where the neutral species has a small dipole moment (E.
Herbst, private communication).
The steady state equations for this simple system are: + (1 1,0 -1 1,1 ) in dense cloud cores
with
In the above expressions, k 1 , k 2 , k 3 and k −1 , k −2 , k −3 are the forward and backward rate coefficients relative to reactions of H Crapsi et al. 2004) , the rate coefficient for the recombination onto dust grains has the form: 
The electron fraction is calculated as in Caselli et al. (2002b) , using a simplified version of the reaction scheme of Umebayashi & Nakano (1990) , where we compute a generic abundance of molecular ions "mH + " assuming formation due to proton transfer with H + 3 and destruction by dissociative recombination on grain surfaces (using rates from Draine & Sutin 1987) . H + 3 is formed as a consequence of cosmic-ray ionization of H 2 and destroyed by proton transfer with CO and N 2 .
Metals are also taken into account and their fractional abundance has been assumed 10 −7 (following the initial abundances of "low-metal" models, appropriate for dark clouds; Lee et al. 1996) . The bottom panel of Fig. 3 shows that the larger the cosmic-ray ionization rate the smaller the deuteration ratios. This is mainly due to the fact that a larger value of ζ implies a larger electron fraction, and a consequently larger dissociative recombination rate (see denominator of eqs. 8, 9, and 10). Again, the large deuterium fractionation observed in pre-stellar cores and Class 0 objects can be used to put upper limits on ζ (see Dalgarno 2006) . 
Simple Chemical-Physical Model
In this section, our estimates of ortho-H 2 D + column densities are correlated with the deuterium fractionation and the depletion factor, previously measured in the same objects, and simple chemical models are used to investigate the observed variations among the various sources. The model used is similar to that described in Vastel et al. (2006a) , and first applied by Caselli et al. (2002b) in the case of L 1544, but with the deuterium fractionation chemistry and rate coefficients as described in the previous sub-section. We consider a spherical cloud, with a given density and temperature profile, where dust and gas are present. Initially (besides H 2 ), CO and N 2 are present in the gas phase with abundances of 9.5×10 −5 (Frerking et al. 1982) The dust grain distribution follows MRN and we assume a gas-to-dust mass ratio of 100.
However, the size of the minimum dust radius, a min , has been increased by an order of magnitude, following recent (indirect evidences) of grain growth toward the center of dense cores (e.g. Flower et al. 2005; Bergin et al. 2006; Flower et al. 2006b; Vastel et al. 2006a ). The higher a min adopted here (5×10 −6 cm) lowers the freeze-out rate by a factor of 5 compared to the MRN value (by changing the surface area of dust grains), and it is the "best-fit" value for the L 1544 chemical model (see Caselli et al. 2002b; Vastel et al. 2006a ). The freeze-out time scale of species i (R freeze (i)) is given by: 
is the grain surface area per H nucleon in the MRN distribution (see also Weingartner & Draine 2001) . The electron fraction is calculated as in Sect. 5.1.
The binding energies for CO and N 2 have been taken fromÖberg et al. (2005), assuming that the mantle composition is a mixture of CO and H 2 O ice (E D (CO)/k B = 1100 K and E D (N 2 ) = 0.9 E D (CO)). The cosmic-ray ionization rate used here is ζ = 1.3×10 −17 s −1 , but we have also changed it to explore the effects on the chemistry (see next subsections). Different density structures have been considered (see below) and the (gas = dust 1 ) temperature profile is similar to the one found by Young et al. (2004) and parametrized so that:
The minimum (maximum) allowed temperature is 4 K (14 K). We also consider models with temperature profiles increasing inwards, to simulate the heating of the embedded young stellar object.
In this case, we assume a central temperature of 50 K at a distance of 80 AU, and a radial dependence r −0.6 for r > 80 AU. If the temperature drops below the one described in eq.(16), the latter value is used.
1 This assumption of similar dust and gas temperatures is only valid if the densities are larger than ∼10 1 1,0 -1 1,1 ) in dense cloud cores CO and N 2 can freeze-out (with rates given by 1/t freeze , see eq. 14) and return to the gas phase via thermal desorption or cosmic-ray impulsive heating (following Hasegawa et al. 1992 and (Loinard et al. 2002) . No deuterium fractionation estimates are available for IRAM 04191. Given that NH 3 and N 2 H + appear to trace similar zones of dense cores (e.g. Benson et al. 1998; Caselli et al. 2002c) , and that both derive from the same parent species (N 2 ), one expects that the D-fractionation observed in the two species is also similar (and linked to the theoretical R D in eq. 13). However, it is not obvious that formaldehyde is actually tracing the same region (indeed H 2 CO is centrally depleted in the two starless cores studied by Tafalla et al. 2006 , unlike N 2 H + and N 2 D + ). In fact, Fig. 4 shows that the deuterium-fractionation in NGC 2264G is the largest one in the whole sample, probably suggesting that different deuteration mechanisms (beside the H + 3 fractionation) may be at work for H 2 CO. One possibility is that surface chemistry is needed to explain the observed amount of deuterated formaldehyde and methanol, as originally discussed by Charnley et al. (1997) , Ceccarelli et al. (1998) , and more recently by Parise et al. (2006) . We consider Bonnor-Ebert (BE) spheres with density structures analogous to the radial (cylindrical) density profile of the contracting disk-like cloud at different stages of evolution in the model of Ciolek & Basu (2000) , namely those at times t = t 1 (=2.27 Myr and central densities n c1 (H 2 )
= 4×10 4 cm −3 ), t 2 (=2.60 Myr, and n c2 (H 2 ) = 4×10 5 cm −3 ), t 3 (=2.66 Myr, and n c3 (H 2 ) = 4×10 6 cm −3 ), t 4 (=2.68 Myr, and n c4 (H 2 ) = 4×10 7 cm −3 ), and t 5 (=2.684 Myr, and n c5 (H 2 ) = 4×10 8 cm −3 ).
The BE density profile is reasonably well reproduced by the parametric formula (Tafalla et al. 2002) : curves are for models which use the "standard" rate coefficients for the proton-deuteron exchange reactions, whereas dashed curves are for models adopting the smaller GHR02 rate coefficients.
Each curve has six points (filled (empty) diamonds for the models using the "standard" ( where r 0 = 13,000, 3,000, 800, 300, and 80 AU for t 1 , t 2 , t 3 , t 4 , and t 5 , respectively, and α = 2.
The five chemical models (i.e. the CO and N 2 depletion chemistry in the five model clouds with different physical structure) have been run for a time interval given by (t i -t 1 ), for i = 2, 3, 4, and 5, whereas the t 1 model has been run for 2.27 Myr. We also consider a model cloud with the same density structure as the t 5 model, but with a temperature profile resembling that of a centrally heated protostellar core (model t 5a ), with a central temperature of 50 K and a temperature gradient proportional to r −0.6 (as mentioned above The results of these models are the small diamonds in each of the curves in the right panel of (bottom curves) to 2.0 (top curves). As discussed by Flower et al. (2004) , the o/p ratio is a sensitive function of the o/p H 2 ratio and, ultimately, of the gas temperature (see their Fig. 6 ) and at T gas < ∼15 K, it changes from ≃0.03 to values probably larger than one (this last statement is valid if the curve in Fig. 6 of Flower et al. (2004) is simply extrapolated at temperatures lower than 9 K, the minimum value in the figure  2 ) . In all curves, the t 5 models show a slight decrease in both the see Flower et al. 2004) , whereas the free parameter is the cosmic-ray ionization rate ζ, which is varied from 6×10 −18 s −1 (bottom dashed and solid curves) and 3×10 −17 s −1 (top curves). We note that variations in the cosmic-ray ionization rate are known to exist in the Galaxy (van der Tak et al. for the thick curves, representing the t 5a protostellar cloud models, where o/p = 0.1, assuming that the gas has been (slightly) heated compared to the pre-stellar cores. The cosmic-ray ionization rate is fixed at 1.3×10 −17 s −1 . The four ortho-H 2 D + -rich pre-stellar cores can be reproduced by t 3 models, with (chemical) ages between 10 4 and 10 6 yr, when GHR02 rate coefficients are used. On the other hand, the protostellar cores and the two Ophiuchus cores are better matched by the more dynamically evolved (centrally concentrated) t 5a and t 5 models, respectively, after about 10 3 -10 4 years of (chemical) evolution.
2 At a density of 2×10 6 cm −3 , temperature T gas = 8 K, grain size 0. 
where x can (CO) is the "canonical" or "undepleted" abundance of CO (assumed here equal to 9.5×10 −5 , following Frerking et al. 1982 , but known to be uncertain by a factor of about 2, see e.g. Lacy et al. 1994) . Crapsi et al. (2005) . The data and model results are shown in Fig. 6 . In general, the presence of embedded young stellar objects appears to lower the H 2 D + column density, without affecting much the amount of CO freeze-out, which is probably still large in the high density and cold protostellar envelopes. The possible (small) temperature increase caused by the central heating, is thus not sufficient to significantly release CO back in the gas phase, but it can affect the o/p-H 2 D + ratio (and, consequently, the ortho-H 2 D + column density), as discussed in the previous sub-section.
In the left panel of Fig. 6 , the data are compared with the same models described in Fig and Fig. 5 (left panel) , where (standard rate) models between t 1 and t 2 were preferred. The small discrepancy can be understood if the predicted CO depletion factor is too large compared with observations. Reasons for this could be: (i) we are missing an important desorption mechanism (besides the cosmic-ray impulsive heating and the thermal desorption, the latter not being efficient at the temperatures of these objects); (ii) unlike our spherical and isolated model cores, real cloud cores are embedded in molecular clouds where CO is quite abundant. Thus, the observed "extra" gaseous CO may be part of the undepleted material accreting onto the core from the surrounding molecular cloud (see also for a similar conclusion in the particular case of TMC-1C).
Conclusions
Low-mass dense cloud cores have been observed with the CSO antenna at the frequency of the 4) The ortho-H 2 D + column densities range between 2 and 40×10 12 cm −2 in starless cores and between 2 and 9 ×10 12 cm −2 in protostellar cores. Thus, protostars in the earliest stages of their evolution appear to have already changed the chemical structure of their envelopes, by lowering the ortho-H 2 D + fractional abundance but not their deuterium fractionation. This is probably due to (a few degree) variation of the gas temperature, which strongly affects the o/p-H 2 D + ratio. A similar effect is also found in the two Ophiuchus cores, suggesting a (slightly) larger gas temperature than in the other (mainly Taurus and Perseus) cores.
5) Simple models suggest that variations in the gas kinetic temperature, CO depletion factor, grain size distribution, cosmic-ray ionization rate and volume densities can largely affect the H 2 D + abundance relative to H + 3 . In particular, gas temperatures above 15 K, low CO depletion factors and large abundance of negatively charged small dust grains or PAHs drastically reduce the deuterium fractionation to values inconsistent with those observed toward pre-stellar and protostellar cores. ) and low temperature (T kin < 10 K) clouds ).
More accurate determinations of temperature and density profiles, as well as observations of the para-H 2 D + (1 0,1 -1 0,0 ) line at 1.37 THz, are sorely needed to put more stringent constraints on gas-grain chemical processes in dense cloud cores. b Column density value obtained using n(H 2 ) and T kin from Tab. 3.
c Column density value assuming n(H 2 ) = 10 5 cm −3 and T kin = 10 K.
